We developed an immunocompromised murine model of influenza virus infection and demonstrated comparable efficacy of oral oseltamivir and A-322278 (both given at dosages of 10 mg/kg/day) in reducing viral replication, decreasing weight loss, and prolonging survival. Once the treatment was discontinued, severe combined immunodeficient (SCID) mice had progressive viral replication and clinical decline. Drug-resistant variants were detected in 4 (29%) of 14 and 2 (13%) of 15 mice (both BALB/c and SCID) treated with oseltamivir or A-322278, respectively; no resistant variants were detected in placebo-treated mice. Amino acid substitutions in the hemagglutinin receptor-binding site at aa 137 or 225 were detected in cloned resistant isolates. A substitution in the neuraminidase (NA) active site (Arg292Lys) was detected in the cloned virus recovered from an oseltamivir-treated mouse. This model would be useful for elucidation of the molecular mechanisms of resistance to NA inhibitors and for testing of anti-influenza therapy options that might prevent the emergence of resistant variants.
In patients with compromised immunity, influenza virus may cause severe lower respiratory tract involvement; unusual syndromes, including encephalitis, myocarditis, and hepatitis; and, in transplant recipients, graft dysfunction and rejection [1, 2] . Although several case series indicate that neuraminidase (NA) inhibitor therapy may be beneficial [3] [4] [5] , there have been no controlled, prospective studies of NA inhibitors in the management of influenza in patients with substantial immune compromise.
Prolonged viral shedding frequently occurs during influenza virus infection in immunocompromised individuals and is associated with an increased risk of the emergence of antiviral resistance to both M2 ion channel inhibitors [6] and NA inhibitors [7] . Single-amino-acid substitutions in the NA active site confer resistance to NA inhibitors. Although the emergence of resistance is uncommon with oseltamivir therapy in immunocompetent adults (!1%) [8, 9] , it is more common in children, particularly hospitalized ones (as many as 18%) [10, 11] , and in immunocompromised patients. The emergence of drug-resistant variants has been described in immunocompromised patients treated with either zanamivir or oseltamivir [8, [12] [13] [14] .
A-315675 is a novel NA inhibitor that has in vitro potency similar to that of oseltamivir (GS4071) against most influenza A viruses but is more potent against influenza B strains [15] [16] [17] . It also retains antiviral activity against several common oseltamivir-resistant variants, including H274Y (N1) and E119V (N2) [18] . This activity against oseltamivir-resistant strains might be important in immunocompromised patients, who may die of influenza infection after resistant virus emerges while they are receiving therapy with available agents. As with oseltamivir, A-315675 is delivered orally as a prodrug (A-322278).
Since there is limited information on the activity of any of the anti-influenza agents in immunocompromised hosts, in the present study we compared the activity of oseltamivir and A-322278 in both immunocompetent (BALB/c) and immunocompromised (SCID) murine models and examined viral isolates recovered during therapy for evidence of antiviral resistance.
METHODS

Compounds.
A-315675 and its isopropyl ester prodrug, A-322278, were provided by Abbott Laboratories. Oseltamivir carboxylate (GS4071) and its ethyl ester prodrug, oseltamivir phosphate (GS4104), were provided by Hoffman-La Roche, in the form of dry powders. A-315675 and oseltamivir carboxylate were used in in vitro experiments, whereas A-322278 and oseltamivir phosphate were used in vivo. Stock solutions of each drug were prepared in distilled water at a concentration of 10 mg/mL, and aliquots were frozen at Ϫ20ЊC. Preliminary data provided by each manufacturer indicated that 10 mg/kg/day was the appropriate dosage of both study agents in mice [19] . For oseltamivir, this dosage has recently been shown to be active in a murine model of H5N1 disease caused by a human 2004 isolate [20] .
Mice. The murine experiments were approved by the Animal Care and Use Committee and were conducted at the Center for Comparative Medicine at the University of Virginia, Charlottesville, which is accredited by the Association for the Assessment and Accreditation of Laboratory Animal Care, International. Groups of ∼8-week-old female SCID mice (Fox Chase SCID C.B-Igh-1b/IcrTac-Prkdc SCID , bred on a BALB/c background; Taconic) and 8-week-old female BALB/c mice (BALB/cAnNTac; Taconic) were used [21, 22] . For viral challenge, the mice were lightly anesthetized with ether chloroform mixture, and virus inoculum was applied into the nose 4 h after receiving their first dose of medication.
Virus and cells. A mouse-adapted, egg-grown isolate of influenza A/Japan/305/57 (H2N2) virus [23] was used in the study. Biosafety level 2+ care was taken whenever infected mice, lungs, or viruses were processed. The stock virus had a titer of 10 7 ID 50 /mL in embryonated chicken eggs [24] . Previous studies determined that the LD 90 of this strain in 8-week-old BALB/c mice was EID 50 (a 1:4000 dilution of the stock virus) 5 5.0 ϫ 10 [23] . MDCK cells were used for virus isolation (provided by A. Hay, National Institute for Medical Research, Mill Hill, UK) from lung homogenates, virus titration, and phenotypic antiviral susceptibility assay by plaque reduction. MDCK cells were grown in a standard medium of Eagle's MEM (Cambrex) supplemented with 10% fetal calf serum (FCS) and antibiotics.
Before infection, cell monolayers were rinsed twice with Dulbecco's PBS (DPBS) to remove FCS.
Experimental design. Study drug administration was begun 4 h before virus challenge and was continued twice daily for 7 days. Lightly anesthetized mice were inoculated intranasally with 50 mL of virus in Hanks' buffered salt solution without albumin. In experiment 1 (lethal), the A/Japan/305/57 viral inoculum was 1 LD 90 for BALB/c mice. In experiments 2 and 3 (sublethal), the inoculum was 0.1 LD 90 for BALB/c mice. Mice were weighed and observed daily from day 1 (inoculation) to day 14. Two mice per group (experiments 1 and 2) or 4 mice/ group (experiment 3) were killed on days 2, 7, and 14 (day 12 in experiment 1), for lung harvest. The second and third experiments had the same design and similar results and were therefore pooled for analysis. A small fourth study (sublethal inoculum) was performed, with treatment extended to 14 days for harvesting lungs at days 7, 14, and 21 (2 mice/time point) for antiviral susceptibility testing.
Virus titration. Lung virus titers were determined by weighing and then homogenizing one-third of each mouse lung in 3 mL of viral transport media (DPBS, veal infusion broth, gelatin, 10,000 mg/mL vancomycin, 50 mg/mL gentamicin, and 250 mg/ mL amphotericin B). Samples were stored at Ϫ70ЊC until serial 10-fold dilutions were made and were inoculated onto quadruplicate monolayers of MDCK cells, using previously published methods [25] . Supernatants from wells showing cytopathic effects on day 2 were harvested for subsequent antiviral susceptibility testing of isolates; these isolates were selected to reduce the possibility of a significant growth advantage of wild-type virus over drug-resistant mutants. On day 7, virus replication in all cell monolayers was confirmed by hemadsorption using a 0.5% suspension of fresh chicken red blood cells. Virus titers were determined by the Karber method, which is described elsewhere [26] , and are presented as log 10 median TCID 50 per gram of lung.
NA-inhibition assay. Evaluation of virus susceptibility to NA inhibitor was assessed in the NA enzymatic activity inhibition assay, as described elsewhere [27] . The IC 50 was determined by assaying the NA activity of virus in the presence of serial half-log dilutions (from 10 mmol/L to 0.01 nmol/L) of each NA inhibitor. Previously characterized oseltamivir-and A-315675-resistant mutants of the same NA subtype (N2) were used as positive controls.
Plaque-reduction assay. Susceptibility testing of the virus isolates was also performed using the plaque-reduction assay, as described elsewhere [28] . The effective NA inhibitor concentration (the EC 50 ) was defined as that causing a 50% reduction in plaque diameter, compared with the control plaques produced in the absence of the drug.
Sequence analysis of the viral hemagglutinin (HA) and NA genes. Viral RNA extraction from cell culture supernatants, reverse-transcription polymerase chain reactions (PCRs), and sequence analysis of the HA and NA genes were performed as described elsewhere [8] . The sequences of primers used for PCR amplification are available on request. The sequence alignments were performed by use of the Influenza Sequence Database, using the amino acid numbering for the N2 NA antigenic subtype [29] and the H3 HA antigenic subtype [30, 31] . The HA and NA gene sequences of the mouse-adapted A/Japan/305/57 (H2N2) virus and its variants have been deposited in the GenBank database (accession numbers AY643085-AY643089).
Statistical analysis. A Wilcoxon rank-sum test conducted using Splus 2000 (release 3; Insightful) was used to compare the median weight change and lung titers on each day. Limited analysis was performed on experiment 1, because of the rapid death of mice in the placebo group.
RESULTS
Lethal infection.
After lethal infection, placebo-treated mice rapidly lost weight after infection until death (figure 1A). Placebo-treated BALB/c mice died by day 7, and placebo-treated SCID mice died by day 9. Drug-treated BALB/c mice had transient weight loss followed by recovery, whereas drug-treated SCID mice had modest weight loss while receiving treatment, with rapid weight loss after discontinuation of drug treatment. By day 12, all SCID mice had died or had been killed because of marked weight loss. No important differences were noted between the drug groups.
Lung virus titers in oseltamivir-or A-322278-treated SCID mice were 1.4 log 10 lower on day 2 and 0.75-1.1 log 10 lower on day 7 than those in placebo-treated SCID mice. Smaller differences (р1.0 log 10 ) between the placebo and drug-treated groups were found in BALB/c mice than in SCID mice during therapy (table 1) . Drug-treated BALB/c mice had lower virus titers on day 12 after discontinuation of treatment, whereas SCID mice had increases in titers, to levels comparable to those found in untreated mice, after discontinuation of treatment (table 1) .
Sublethal infection. The placebo-treated BALB/c mice had transient weight loss on days 8-10, followed by recovery, whereas placebo-treated SCID mice had progressive weight loss after day 2 ( figure 1B) . No placebo-treated BALB/c or SCID mice died of infection during the 14-day follow-up period, despite substantial weight loss in the SCID group. The oseltamivir-treated BALB/c mice had gradual weight gain throughout the study period, whereas A-322278-treated BALB/c mice had slight weight loss. The A-322278-treated SCID mice had mild weight loss after day 5 and progressive weight loss after day 9. The oseltamivir-treated SCID mice had stable weights. In SCID mice, both treatment groups had significantly less weight loss on day 14 than did the placebo group. The difference in day 7-but not day 14-weights between the 2 treatment groups was statistically significant ( ). P p .047
In the drug-treated BALB/c mice, lung viral titers were 1.3-1.6 log 10 lower than those in the placebo-treated mice on day 2 ( , for each treatment group) and 0.9-2.0 log 10 lower P ! .01 on day 7 ( , for each treatment group) (table 1). Two of P ! .05 6 BALB/c mice had residual lung viral titers on day 14, irrespective of their treatment group. Drug-treated SCID mice had 1.1-1.4 log 10 lower titers on day 2 (oseltamivir, ; A-P p .014 322278, ) and 1.7 log 10 lower titers on day 7 ( , P p .09 P ! .01 for each treatment group) (table 1), compared with placebotreated SCID mice. Once therapy was discontinued in SCID mice, virus replication rebounded to the levels seen in placebo-treated mice. No statistically significant differences were observed in viral titers between the 2 study drugs in either the BALB/c or the SCID mice.
NA inhibitor susceptibility. The challenge virus A/Japan/ 305/57 (H2N2) was found to be highly susceptible to both inhibitors by enzyme-inhibition assay (table 2) . There were no changes in the IC 50 of isolates recovered from drug-treated or placebo-treated mice after 7 or 14 days of treatment (table 2) .
Reduction of plaque size by 50% for the challenge virus was achieved with concentrations !1 ng/mL for both NA inhibitors, and complete inhibition of plaque formation was observed at 10 ng/mL (figure 2). Forty-six viruses recovered from either placebo-treated ( ) or drug-treated ( ) mice were n p 17 n p 29 tested by plaque assay in MDCK cells. None of the viruses recovered from placebo-treated mice showed changes in drug susceptibility. Two of 8 viruses from oseltamivir-treated BALB/ c mice (both 7 days after discontinuation of a 7-day treatment course), 2 of 6 oseltamivir-treated SCID mice (both on study day 21, 7 days after discontinuation of therapy), and 2 of 10 A-322278-treated SCID mice (both on study day 14, 7 days after discontinuation of therapy) showed changes in drug susceptibility (figure 2E and 2F). All 6 viruses formed distinct plaques at NA inhibitor concentrations у100 ng/mL, although the number of the plaques was reduced in comparison with that in control wells. This indicates that the majority of the variants in the virus population retained their drug-susceptible phenotype in MDCK cells.
Sequence analysis was conducted on 3 individual plaques produced by viruses isolated from 1 oseltamivir-treated BALB/c mouse and 1 A-322278-treated SCID mouse on day 14 (7 days after discontinuation of therapy). One clone from the oseltamivir-treated mouse contained mutations conferring Arg292Lys and Thr464Ala substitutions in NA and Gly225Glu (HA1 subunit) and Val193Ala (HA2 subunit) substitutions in HA. This cloned virus was highly resistant to oseltamivir (IC 50 , 13000 nmol/L) and somewhat less susceptible to A-315675 (IC 50 , 3.0-5.0 nmol/ L) in NA-inhibition assays, most likely because of the substitution at the conserved residue at aa 292. The 3 virus clones from the A-322278-treated mouse had no NA mutations detected, but all had a single Arg137Gly substitution in HA (HA1 3 [B] ) infection. In the sublethal infection, the extent of weight loss at day 14 was significantly greater in the placebo-treated SCID mice than in those treated with oseltamivir ( ) or A-322278 ( ). P p .03 P p .04 Table 2 . Drug-susceptibility testing of isolates in the NA-inhibition assay.
Mouse group or virus isolate
Mouse isolates tested, no. subunit). Of note, both substitutions in HA1 residues (aa 225 and 137) belong to the HA receptor-binding site.
DISCUSSION
In the present study, we developed an immunocompromised murine model of influenza virus infection, to examine NA inhibitor therapy, the emergence of antiviral-resistant variants, and the contribution of the immune system to the pathogenesis of influenza virus infection. In our SCID model, influenza virus was not cleared after 7 days of therapy, and viral replication returned to untreated levels after discontinuation of NA inhibitor therapy. In a minority of mice, the emergence of resistant variants was detected. The model appears to parallel influenza virus infections in immunocompromised patients, in that virus replication was sustained for prolonged periods, progressive illness occurred, and drug-resistant variants emerged with therapy. Both oseltamivir and A-322278 were effective in reducing viral replication and weight loss in both immunocompetent and immunocompromised mice challenged with lethal and sublethal infections. However, after discontinuation of the drug administration, surviving SCID mice had a rebound in viral replication and progressive weight loss, whereas immunocompetent mice recovered from the infection. The efficacies of the 2 drugs were comparable at the dosage tested, against both lethal and suble- thal infections. Our results confirm similar findings in studies using NA inhibitors in immunocompetent [19, 32, 33] and immunocompromised [34] mice and represent, to our knowledge, the first report of the activity of A-322278 in both immunocompetent and immunocompromised mice. Since A-322278 has antiviral activity against some oseltamivir-resistant variants and has efficacy comparable to that of oseltamivir, A-322278 might be useful for salvage therapy in patients who develop resistance while receiving oseltamivir therapy. This specific question should be addressed in future studies.
Prolonged replication of influenza virus in drug recipients appears to be a risk factor for the emergence of resistant variants. Oseltamivir treatment has been associated with the emergence of resistance in as many as 18% of hospitalized, immunocom-petent children, and several cases have been documented in immunocompromised patients [10, 13] . In the present study, resistant variants were detected by plaque-reduction assay in 21% (6 of 29) of the virus isolates recovered from the drug-treated mice. Interestingly, the NA inhibitor-resistant viruses were not detected by initial screening using an NA-inhibition assay, probably because of the predominance of the wild-type variant in the virus population. It is possible that a higher frequency of resistance emergence would be observed with greater selective antiviral pressure (e.g., higher drug doses or, perhaps, moreprolonged administration of subtherapeutic doses), but we did not address this hypothesis in the present study. Virus propagation in cell culture in the absence of the drug may alter the ratio between the drug-resistant and wild-type variants, because of a difference in fitness. Therefore, in future studies, it would be prudent to conduct biological cloning of the virus present in the lung homogenates before propagation in cell culture.
The virus clone recovered from the A-322278-treated mouse was drug susceptible in the NA-inhibition assay and drug resistant in the MDCK cell plaque assay. The detected substitution at aa 225 in the HA receptor-binding site was most likely responsible for the virus drug resistance in cell culture. This substitution has the potential to reduce HA binding to the cell receptors, thus reducing the need for NA activity and reducing the virus susceptibility to NA inhibitors. The virus recovered from the oseltamivir-treated mouse contained a substitution in the HA receptor-binding site at aa 137. Although the effect of HA substitutions in the emergence of drug resistance in cell culture has been recognized, their role in in vivo drug resistance has not been convincingly demonstrated. Interestingly, the substitutions at aa 137 and 225 have also been identified in HA from viruses recovered from experimentally infected humans treated with oseltamivir [8] .
No substitutions were detected in the NA active site of the virus clone recovered from the A-322278-treated mouse; if they were only minor species, they may have emerged without our detecting them. The virus clone derived from the oseltamivirtreated mouse had a substitution in the NA active site (aa 292). Interestingly, this mutation, along with the HA mutation, resulted in drastically reduced susceptibility to oseltamivir but not to A-315675. Because the substitution at aa 292 is the most commonly detected change in the N2-containing viruses recovered from oseltamivir-treated patients [9] , the availability of drugs like A-322278 could provide a valuable therapeutic option.
Overall, the present study demonstrates that this immunocompromised murine model replicates the prolonged viral shedding, response to antiviral therapy, and emergence of resistant variants seen in influenza virus infections in immunocompromised humans. This model can be used to address questions concerning the role of the host immune response, the molecular mechanisms of drug resistance operating in vivo, and therapeutic options in the control of influenza virus infections. Additional studies are needed, using the model, to test the response of different influenza virus strains to available and experimental anti-influenza therapy options, including antiviral combinations. Further development of A-322278 is warranted on the basis of the available data on this compound, including the results of this study. This novel compound might be useful in managing patients infected with resistant variants that retain susceptibility to A-322278.
